Tumors result from disruptions in the homeostatic mechanisms that regulate cell birth and cell death. In colon cancer, one of the earliest manifestation of this imbalance is the formation of polyps, caused by somatic and inherited mutations of the adenomatous polyposis coli (APC) tumor suppressor gene in both humans and mice. While the importance of APC in tumorigenesis is well documented, how it functions to prevent tumors remains a mystery. Using a novel inducible expression system, we show that expression of APC in human colorectal cancer cells containing endogenous inactive APC alleles results in a substantial diminution of cell growth. Further evaluation demonstrated that this was due to the induction of cell death through apoptosis. These results suggest that apoptosis plays a role not only in advanced tumors but also at the very earliest stages of neoplasia.
ABSTRACT
Tumors result from disruptions in the homeostatic mechanisms that regulate cell birth and cell death. In colon cancer, one of the earliest manifestation of this imbalance is the formation of polyps, caused by somatic and inherited mutations of the adenomatous polyposis coli (APC) tumor suppressor gene in both humans and mice. While the importance of APC in tumorigenesis is well documented, how it functions to prevent tumors remains a mystery. Using a novel inducible expression system, we show that expression of APC in human colorectal cancer cells containing endogenous inactive APC alleles results in a substantial diminution of cell growth. Further evaluation demonstrated that this was due to the induction of cell death through apoptosis. These results suggest that apoptosis plays a role not only in advanced tumors but also at the very earliest stages of neoplasia.
Tumors result from an imbalance between cell birth and cell death. However, few genes affecting cell death have been identified in common human epithelial cancers, and the best studied of these, p53, seems to generally function only in the late stages of tumorigenesis (1) (2) (3) (4) (5) . Mutations of the adenomatous polyposis coli (APC) gene are associated with the earliest stages of colorectal tumorigenesis. Humans who inherit a germline APC mutation develop hundreds of benign colorectal tumors, some of which progress to cancer (6) (7) (8) (9) . Likewise, mice who inherit mutant APC develop multiple intestinal tumors (10, 11) . Somatic mutations of APC also appear to be responsible for the initiation of colorectal cancers in the general population as they are found in small adenomas and dysplastic microscopic lesions (12) (13) (14) (15) . At the biochemical level, several properties ofAPC have been described, including homooligomerization (16, 17) and binding to ,3-catenin (18, 19) , EB1 (20) , and the microtubule cytoskeleton (21, 22) . At the functional level, however, little is known about how APC operates to prevent colorectal tumorigenesis. In this report, we evaluate the effects of restoring APC in human colorectal cancer cells.
MATERIALS AND METHODS
Cell Culture. The colon carcinoma cell line HT-29 was obtained from the American Type Culture Collection and cultivated in McCoy's SA media (GIBCO/BRL) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin.
Vector Construction and Transfection. The pSAR-MT inducible expression plasmid was constructed as follows. Two oligonucleotides (5'-GATCTCGAGCTCCCTGCA-3' and 5'-GGGAGCTCGA-3') were annealed, and the resulting fragment was cloned into the BamHI and PstI sites of the scaffold attachment region (SAR)-containing plasmid p8 (23) . The resulting plasmid, pJM7, consisted of two SAR sequences flanking a short polylinker containing restriction sites forXhol and PstI. The mutant metallothionein (MT) promoter (24) was amplified by PCR and cloned into pCEP4 (Invitrogen) linearized with BglII and NotI, yielding pCEP-MT. A SalI-BamHI fragment containing an intron from the globin gene was then inserted into the XhoI and BamHI sites of pCEP-MT, yielding pCEP-MTi. Finally, the MT promoter/intron/poly(A) region was removed from pCEP-MTi by digestion with Sall and cloned into the XhoI site of pJM7, yielding pSAR-MT, as shown in Fig. 1A . The entire coding regions of APC [from pCMV-APC (22) ] and ,B-galactosidase (from pCMVI3, CLON-TECH) were inserted into the BamHl site of pSAR-MT to make pSAR-MT-APC and pSAR-MT-,B-gal, respectively. Lipofectin (GIBCO/BRL) was used to transfect HT-29 cells with the linearized pSAR-MT expression vectors (5.0 j,g) and the hygromycin resistance vector pCEP4 (0.5 ,ug, Invitrogen). After selection with 0.6 mg/ml hygromycin, clones were isolated and expanded. HT29-APC1 and HT29-APC2 were identified after screening 250 clones for inducible full-length APC expression by Western blotting. Unless otherwise indicated, cells were induced with 100 ,uM ZnCl2 for the times indicated.
Immunoprecipitations and Western Blotting. For immunoprecipitation, cells were lysed in MEBC lysis buffer with protease and phosphatase inhibitors as described (19) and equalized for the amount of protein. The immunoprecipitation and Western blots were performed essentially as described (19, 20, 25) . The following monoclonal antibodies were used: FE-9 and IEl (Oncogene Science) for the amino and carboxyl termini of APC, respectively; EA3 (Oncogene Science) for EB1; and (3-cat (Transduction Laboratories, Lexington, KY) for B3-catenin. For Western analysis of APC expression, cells were lysed by adding Laemmli sample buffer directly to the plate and analyzed as described (25) .
Flow Cytometry and Hoechst Staining. Attached and floating cells were harvested and resuspended in 50 ,ul of PBS and 350 Al of staining solution containing 0.6% Nonidet P-40 and 3.7% formaldehyde, and 0.01 mg/ml Hoechst 33258 was added. Cells were then analyzed by flow cytometry as described (26) . For Hoechst staining, cells were prepared as for flow cytometry analysis and photographed under fluorescence microscopy.
Terminal Deoxytransferase-Mediated Deoxyuridine Nick End-Labeling (TUNEL) Assay. Attached cells were fixed for 30 min with 1% paraformaldehyde in PBS and permeabilized with 1% Nonidet P-40. Fixed cells were then incubated for 1 hr in terminal deoxynucleotidyl transferase buffer (United States Biochemical) supplemented with 150 mM NaCl, 5 ,uM biotin-16-dUTP (Boehringer Mannheim), and 50 units/ml terminal deoxynucleotidyl transferase buffer. Cells were washed with PBS and positive cells visualized using the Vectastain kit (Vector Laboratories) with diaminobenzidine tetrahydrochloride -staining.
RESULTS
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. iologic features of normal colorectal epithelial cells (27) . As do the great majority of colorectal cancer cell lines (25) , HT (24) and (ii) SARs (23) flanking theAPC gene regulatory elements. SARs increase the level of expression of stably transfected genes (23) . The vector (pSAR-MT) incorporating these and other features is illustrated in Fig. 1A . APC cDNA was inserted into pSAR-MT to derive pSAR-MT-APC, and clones of HT-29 cells transfected with this construct were isolated and evaluated for APC expression. Two of 250 clones were found to express APC after 12 hr of zinc induction and maintain such expression for at least 4 days (clones HT29-APC1 and HT29-APC2). Following 24 hr of induction, the concentration of exogenous, full-length APC protein was comparable to the level of endogenous, mutant APC protein (Fig. 1B,  total) . Clones stably transfected with pSAR-MT incorporating a ,3-galactosidase cDNA insert were used as controls.
Little is known about the biochemical properties of APC, though the protein has been shown to bind to two intracellular proteins, ,B-catenin (18, 19) and EB1 (20) . f-catenin transmits signals from the E-cadherin adhesion proteins to the cell's interior (29) (30) (31) , while the function of EB1 is not known. To show that the induced APC protein functioned as expected in clones HT29-APC1 and HT29-APC2, immunoprecipitation experiments were performed. First, cell lysates were immunoprecipitated with monoclonal antibodies specific for the carboxyl terminus of APC and the immunoprecipitates examined for the presence of f3-catenin via Western blotting. The induced full-length APC protein was associated with f3-catenin in clones HT29-APC1 and HT29-APC2 (Fig. 1B, APC I.P.) . The cell lysates were also immunoprecipitated with monoclonal EB1 antibodies and examined for the presence of fulllength APC and ,B-catenin. Both full-length APC and f3-catenin were found associated with EB1 in the APC-expressing clones HT29-APC1 and HT29-APC2 (Fig. 1B, EB1 I.P.). This experiment demonstrates for the first time that EB1 and 13-catenin can be simultaneously bound to full-length APC in vivo, suggesting that they may function in the same pathway. We found no evidence that APC sequestered or downregulated either f-catenin or EB1, as the f3-catenin-Ecadherin complexes and the steady-state levels of f3-catenin, E-cadherin, and EB1 were not significantly altered after full-length APC induction (data not shown).
We next evaluated the growth properties of the various clones. The first observation was that clone HT29-APC1 did not reach confluence in the presence of induction, even after long periods of culture, while zinc had no apparent effect on cell density of the ,B-galactosidase control clone ( Fig. 2A) . As expected, both clones reached confluency in the absence of induction. To ensure that this effect was specific for APC induction, 40 additional clones obtained through transfection with the pSAR-MT-GAL construct were examined; none showed any change in growth in the presence of zinc. Moreover, clones obtained throughAPC transfection but expressing only truncated APC proteins also grew as well as the control clones. These observations were confirmed and extended by examining the growth kinetics of HT29-GAL1, HT29-APC1, and HT29-APC2 in the presence and absence of induction (Fig. 2B) cell cycle, as might have been expected had their growth been inhibited by cyclin-dependent kinase inhibitors or other proteins that primarily disrupt cell cycle control mechanisms (Fig.  3) . Instead, the only abnormality observed was an increase in cells containing a sub-Gi DNA content. This profile often indicates that apoptosis has taken place (33) . This was consistent with the morphological changes observed in the cells by phase contrast microscopy ( Fig. 2A) . Instead of dividing and forming confluent cellular lawns, as did the control cells, APC-expressing cells gradually rounded up and detached ( 2C). This process began at 24 hr following induction, and by 48 hr, substantial numbers of cells were found floating in the culture medium (Fig. 2C) . These morphological changes were correlated with the levels of full-length APC protein. When APC induction was incomplete due to the deliberate addition of a suboptimal concentration of zinc (50 ltM instead of the usual 100 jiM), growth inhibition was not observed (data not shown).
Two DNA-based assays were then used to confirm that the APC-expressing cells were indeed undergoing apoptosis. Staining of the floating cells from APC-expressing clones with the DNA-binding dye Hoechst 33258 demonstrated brightly fluorescent condensed chromatin or micronuclei, indicating that the excess floating cells in the induced clones had undergone apoptosis (Fig. 4A) (33) . These hallmarks of apoptosis were present in virtually every floating cell from APC-induced samples. Apoptosis was further assessed on attached cells using the TUNEL assay. The proportion of TUNEL positive cells ranged from 0.1% to 0.4% in uninduced HT29-GAL1 and HT29-APC1. After induction, HT29-APC1 showed a 10-fold increase to 3% positive cells, whereas only 0.4% of HT29-GALI cells were positive ( Fig. 4B ; data not shown).
DISCUSSION
Taken together, these results demonstrate that the expression of APC in HT29 cells inhibits cell growth through increased apoptosis. The kinetics of this process explain why induction of APC is incompatible with net cell growth in the induced cells (Fig. 2) and explain the failure to obtain clonal growth of cells stably expressing APC following transfection with appropriate vectors. Immunohistochemical experiments have shown that APC is expressed in normal colorectal epithelial cells as they migrate toward the top of the crypt (25, 35) . Our data suggest that this expression is likely to result in apoptosis of the migrating cells, a process critical for achieving cellular equilibrium in actively regenerating tissues such as colonic mucosa (36) . Disruption of APC would presumably disturb the equilibrium between new cell formation at the base of the crypts and cell death at the top of the crypts, leading to a relative expansion (tumor) of the progeny of APC-mutant cells.
The apoptosis we observed is independent of p53, as HT-29 cells, like most colorectal cancer cells, do not contain functional p53 protein (1, 37) . However, p53 mutations generally occur late in colorectal tumorigenesis, near the transition to malignancy (1, 2) . This suggests that multiple apoptotic controls exist to control neoplasia in long-lived organisms such as the human. In colorectal mucosa, the first apoptotic control point appears to be mediated by APC, while a reserve system, (38) (39) (40) (41) (42) . Because colorectal tumor cells lack intact APC, it was suggested that these NSAIDs replace a physiologic function of APC that was abrogated by mutation. Interestingly, it was recently suggested that Sulindac, the prototype NSAID, exerts its antineoplastic activity by promoting apoptosis (43) (44) (45) (46) . Our finding that APC expression specifically induces apoptosis suggests that the cellular function replaced by NSAIDs is the induction of apoptosis. These data have obvious implications for the identification of other chemopreventative agents that might be useful for patients at risk for this disease.
